In the framework of the EU Copernicus program, the European Centre for Medium-range Weather Forecast (ECMWF) on behalf of the Joint Research Centre (JRC) is forecasting daily fire weather indices using its medium range ensemble prediction system. The use of weather forecast in place of local observations can extend early warnings up to 1-2 weeks allowing for greater proactive coordination of resource-sharing and mobilization within and across countries. Using one year of preoperational service in 2017 and the fire weather index (FWI) here we assess the capability of the system globally and analyze 5 in detail three major events in Chile, Portugal and California. The analysis shows that the skill provided by the ensemble forecast system extends to more than 10 days when compared to the use of mean climate making a case of extending the forecast range to the sub-seasonal to seasonal time scale. However accurate FWI prediction does not translate into accuracy in the forecast of fire activity globally. Indeed when all 2017 detected fires are considered, including agricultural and human induced burning, high FWI values only occurs in 50% of the cases and only in Boreal regions. Nevertheless for very important 10 events mostly driven by weather condition, FWI forecast provides advance warning that could be instrumental in setting up management strategies.
the ensemble prediction systems (ENS) provide weather forecasts which extend up to 10 days in the future. The atmospheric forcings have a temporal resolution of 3 hours and a spatial resolution of 9km for the high resolution run and 18 km for the ensemble prediction simulations. While the HRES is a single (deterministic) model integration, the ENS provides 51 realizations from perturbed initial conditions and different model physics (Buizza et al., 1999) . These ENS forecasts are used 90 to assess uncertainties in the prediction.
A model integration at any nominal time simulates atmospheric conditions at a different local time, depending on the location. FWI calculations are usually performed at 12 noon local time because the model was calibrated using measurements at 12:00 against fire behavior in the most active window (between 14:00-16:00) (Van Wagner et al., 1987) . Therefore to produce a snapshot at 12 noon local time, a temporal and spatial collage of 24 hours time model simulations is performed. Atmospheric 95 fields are cut into 3-hourly time strips using the closest 3-hour forecast outputs and then concatenated together so that the final field is representative of the conditions around the local noon within the 3 hour resolution available (Di Giuseppe et al., 2016a) .
FWI reference and benchmark
As many forestry agencies still rely on observed meteorological data to provide fire danger, a first assessment of the quality of forecasted FWI will rely on the comparison with observations. Despite several meteorological observations are available 100 through the Global Telecommunication System (GTS) SYNOP network, only a subgroup of stations have at least 30 days of recordings at local noon during 2017 (spatial coverage is given in Figure 1 ). Many fire prone regions, such as Australia, would not be covered by this comparison. In order to overcome this limitation, a reference dataset of FWI modelled values is also used. This dataset is publicly available through the Copernicus Climate data Store and is constructed using ERA5 reanalysis dataset. ERA5 is the latest of ECMWF reanalysis products which was released at the beginning of 2019. It substitutes the 105 previous ERA-Interim database (Dee et al., 2011; Vitolo et al., 2019) providing a much improved spatial resolution and an extensive increment of assimilated observations. Simulations begin in 1979 and are updated in quasi real time with less than a week delay. Fields have a spatial resolution of about 30 km and hourly time resolution. Outputs from ERA5 undergo the same temporal interpolation described in the previous section to provide the model with a composite fire reanalysis product at 12:00 local time. It has to be noted that, compared to local observations, a reanalysis provides a dynamically consistent estimate 110 of the climate state at each time step and can, to a large extent, be considered a good proxy for observed meteorological conditions. Moreover, by combining different observations, reanalysis datasets extend well beyond the natural life of single observational networks and they can provide a more homogeneous spatial coverage than using local observations. From ERA5 we also derive a climatological benchmark simulation (called CLIM hereafter). At pixel level and for every day of the year, CLIM is constructed using 51 randomly sampled values (with replacements) from observed meteorological forcing in the 115 period 1980-2019, excluding the verifying year (2017). CLIM has the advantage of having the same climatology of ERA5, but has no expected predictive skill. The advantage of CLIM is that in theory it has near-perfect reliability with regards to the ERA5 runs since it is produced with the same unbiased forcing data. It should, therefore, score better or equal to the forecast as predictor on time ranges beyond their respective limits of predictability. CLIM is therefore used in this study as a benchmark to rank the expected improvements provided by a forecasting system. 120
Observed fire events
While national inventories of wildfire activities exist in many countries, they can be heterogeneous and lack the temporal span desirable for the validation of a fire danger system at the global scale. Satellite observations can supply a valid alternative especially as they cover remote areas where in-situ observations are sparse (Flannigan and Haar, 1986; Giglio et al., 2003; Schroeder et al., 2008) . Daily maps of fire radiative power (FRP) Wooster et al., 2005) are available 125 from ECMWF since 2003 through the Global Fire Assimilation System (GFAS) (Kaiser et al., 2012; Di Giuseppe et al., 2017 . This dataset has been developed in the framework of the Copernicus Atmosphere Monitoring Services (CAMS) and uses observations from the MODIS sensors on board of Terra and Aqua platforms and assumptions on fire evolution to calculate a continuous record of active fires. The GFAS dataset integrates all available FRP observations available in a day over a regular 0.1 deg grid. According to Wooster et al. (2005) , this provides an indication of the cumulative dry mass available for burning 130 which can be then put into a relationship with fire emissions. In this paper, the FRP products are only used as an observations of fire events. However, FRP values are ignored and only used to derive a mask of fire occurrence based on a minimum detection criteria: F RP > 0.5W m −2 (Kaiser et al., 2012) . A "hit" is recorded if the fire forecast predicts fire danger above the 90 th percentile of its historical values (provided by the ERA5 simulations) when a fire really occurred.
Score metrics 135
The performance of the the fire forecasting systems to reproduce observed FWI values is assessed using deterministic and probabilistic scores. Both the synop database and ERA5 are treated as a proxy for observations in the evaluation. To asses the quality of the computation we use traditional deterministic skill scores such as the mean bias (MB) and the mean absolute error (MAE). For a probabilistic assessment, the continuous ranked probability score is also employed (CRPS; Hersbach (2000)).
These metrics are defined as:
where F is the forecast at time step t of N number of forecasts and O is the observed value. While the MB and MAE are applied to a single forecast, the high resolution forecast HRES, the CRPS takes into account the whole distribution of 145 possible values predicted by the ensemble. The CRPS is the continuous extension of the ranked probability score, where F n is the cumulative distribution function of the predicted ensemble values. Then, the CRPS compares the cumulative probability distribution of the FWI forecast by the ensemble system to the observation. In this sense the CRPS is sensitive to the mean forecast biases as well as the spread of the ensemble (Hersbach, 2000) . also FWI calculations using ERA5 are included, which provides a validation of the assumption that ERA5 is a good proxy for observations (Di Giuseppe et al., 2016a) . As expected there is a performance degradation going towards longer lead times, still mean biases are limited to few units even at day 10. However caution is in order, as depending on the calibration procedure adopted, few units could mean a mismatch in danger level classification. The mean absolute error provides information on the residual amplitudes. FWI from reanalysis have the sharpest skills, as expected, while the mean absolute error rapidly increases 185 with lead times. However the distribution of MAE values clearly shows that in selected events the discrepancies between observed and predicted values is confined to few units even 10 days ahead.
Despite its importance the analysis performed using the synop network is point-wise and does not homogeneously cover all the regions where fires are relevant. Moreover, MB and MAE are based on high resolution forecasts and do not provide information about the performance of the ensemble forecasting system as a whole. A global assessment of the performances of 190 the system is provided by the comparison between the CRPS curves for the forecast and CLIM when both are scored against ERA5 in 2017 ( Figure 3) . The CRPS calculated from the CLIM database provided a useful benchmark for the forecast as it defines the error above which the information content stored in the forecast would be equivalent to the information provided by the climate. The first interesting information from comparing the two experiments is how far in advance there is skill in predicting fire danger from weather forecast. In fact the interception between the CRPS curve from the forecast run and the CLIM run marks the overall length of the predictability windows, i.e where the system still provides skills above climatology.
Encouragingly if we look at the global average, the window of predictability is longer than the 10 days range provided here, which also suggests that there is scope for extending the prediction to the sub-seasonal and seasonal time scales.
There are some regional differences in the skill provided by the ensemble forecast. Regions covered by Boreas forests (BONA, CEAS) have the largest predictability with the maximum gaps between the forecast and the climate CRPS scores 200 ( Figure 4 ). Savannah regions (NHAF, AUST,SHAF) tends to have a shorter window of predictability with the forecast CRPS curve approaching at shorter lead time the CLIM ones. The FWI was not calibrated for this ecosystem and this could explain the smaller predictability window however the general picture that emerges is that for most of the areas weather forecast provides predictive skills for the FWI beyond 10 days.
Skill in detecting fire events 205
Being able to predict the observed value of FWI does not equal to being able to pinpoint occurred fires. Figure 5 shows the location of recorded fires in 2017 based of Fire Radiative power observations from MODIS sensors as integrated by the GFAS platform (Kaiser et al., 2012; Di Giuseppe et al., 2016a, b) . Fires covered large parts of the globe in 2017, with 157,631 cells recording F RP > 0.5W m −2 . To understand the capability of the FWI to match the occurrence of actual fires we assume that an active fire is correctly predicted if the FWI is greater than the 90 th percentile of its distribution of values here defined using 210 the ERA5 database. Figure 6 shows a summary table of the mean probability of detection (POD) by region for all events in 2017 at forecast day 1 to 10. Given the intrinsic limitations of the POD as skill metric, CLIM could provides a useful benchmark to understand the incremental skill provided by the forecast. The POD provided by CLIM was found below 0.1 in all regions and is therefore not shown in the table.
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Wm −2 are categorized as "hits" and compared to FWI prediction above the high warning level (90th percentile of climatology). The statistics are constructed using FRP observations detected in 2017. Figure 6 provides an averaged assessment of the global performances of the FWI to mark any fire pixels identified during 235 2017. This global statistic includes small fires and events that are not exclusively driven by weather conditions. FWI skill could improve locally, especial when important fire events are considered. It is important to understand how the information provided by a 10 day forecast could be used in real cases when the information is intended to aid emergency responses. Here we will analyse three cases of fire events that took place in 2017, which proved to be an extreme year for fire all across the globe.
2017 case studies
The year 2017 started with an extended fire in central Chile that lasted almost all of January. Strong winds, high temperatures 240 and long-term drought conditions led to an event that has been described as the worst wildfire in Chilean history (Bowman et al., 2018) . Fires in the central regions of O'Higgins, Maule and Bío Bío south of Santiago were difficult to control. Although fire activities where recorded since July 2016 they became particularly intense in January 2017. In June, between day 17 and unusual for the season. Moreover, relative humidity levels below 30% had a role to the intensification of the deflagration and the spread of the wildfire, which raged out of control for several days (Boer et al., 2017) . Finally in October, extensive wildfires raced just north of the San Francisco Bay Area in California causing historic levels of death and destruction. These named 'Wine Country' wildfires were the most destructive in California history, with 44 deaths; the loss of 9,000 buildings; damage to approximately 21,000 structures; $10 billion of insured losses; and substantially greater total economic loss (Nauslar et al., 250 2018; Mass and Ovens, 2019) .
Figures 7 show the information that could have been provided for the study areas by the 10-day fire danger high resolution forecasts (HRES), had these been already available. Each plot shows on the x-axis the dates in which FRP was observed and, on the y-axis, the dates forecasts were issued. The cell in the bottom left corner shows the percentage of pixels in the study area that are expected to be above the 90 th percentile of the FWI climatology for that pixel and day of the year. The forecasts 255 for day 2 to day 10 are on the same row. The forecasts issued on the following day are one row above and so forth. The dashed lines show the observed Fire Radiative Power (see also secondary y-axis).
The reader is reminded that active fires are triggered by highly unpredictable events (ignition) which are not accounted for in the FWI system. The FWI is not supposed to provide the exact localization of the event but an indication of potential fire activity. Large areas can be affected by anomalous conditions in the proximity of where the event really occurred. However it 260 is encouraging that there is some capability for the forecast to detect the increase in fire danger associated to the three events even if with different intensities and sharpness. For the Chile case, for example from mid-January often around 70% of the area exceeded the high danger threshold. The FRP spike occurred on the 26th of January and while the forecast was not able to capture this increase in fire activity, looking at the whole monthly sequence there is an indication of increased danger conditions even at 10 days lead time. However it is recognised that the signal extend for long time and does not mark the peak of the fire 265 activities. A much better timing of the event was instead forecast during the Portugal and California fires which were very well predicted 10 days ahead.
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Conclusions
In the last years, ECMWF has been involved in the EFFIS development by providing weather forcing and fire danger calculations using its medium-range weather forecasts. Global fields of FWI are calculated daily using the high-resolution (9 km) 270 forecast up to 10 days ahead. The 18 km resolution ensemble prediction system provides additional 51 realizations based on slightly different initial conditions and/or using different model configurations (Molteni et al., 1996) . These datasets are freely available in line with the data and information policy of the Copernicus program which intends to provide users with free, full and open access to environmental data. Using one year of pre-operational service in 2017 we have showcased the potential of the use of weather forecasts to support the monitoring of fire danger conditions and planning in case of a potential emergency.
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